A recombinant Myxococcus xanthus strain was constructed that constitutively produces two proteins from Escherichia coli, the cytoplasmic &galactosidase and the periplasmic pH 2.5 acid phosphatase (AppA protein). We have previously shown that during vegetative growth, AppA protein is partly accumulated in the periplasm of M. xanthus and partly released into the medium. We demonstrate here that during starvation-induced development, release of periplasmic AppA protein to the medium did not occur over a period of 20 h. This was coincident with, but not caused by, the arrest of the synthesis of the foreign proteins. We have shown that this lack of secretion could be attributed to starvation per se and did not depend on the ability of the cells to undergo development. Our findings suggest that protein secretion which occurs during the first hours of starvation-induced development might therefore take place via a different route from that which occurs in vegetative cells.
INTRODUCTION
Protein secretion by Gram-negative bacteria is a subject of growing interest, and numerous studies have led to the discovery that protein secretion by these bacteria occurs by only a limited number of routes, as judged by homologies between the proteins that constitute secretion apparatuses (for reviews, see Pugsley, 1993; Salmond & Reeves, 1993) .
M~yxococctrs xantbtrs, however, seems to possess yet another mechanism, possibly related to the great number of proteins that this scavenging bacterium secretes during growth in order to feed upon macromolecules (GuespinMichel et al., 1993) . One of the main differences between this secretory mechanism and the other known mechanisms is its lack of specificity. Thus, the four extracellular pectate lyases from Erwinia cbysantbemi are readily secreted by M. xantbtrs (Breton e t al., 1986) , whereas they are scarcely, if at all, secreted by the related species Erwinia carotovora (He et al., 1991) . Even proteins that remain Abbreviation : MCP, milk-clotting protease.
periplasmic in their host, such as the TEM-2 /3-lactamase or the Escbericbia coli pH 2.5 acid phosphatase (AppA protein), are partly secreted when the corresponding genes are cloned into M . xantbtls (Breton & GuespinMichel, 1987 ). The remaining cell-bound activity was located in the periplasm (Letouvet-Pawlak e t al., 1993) .
This property allowed these authors to measure the timecourse of accumulation of AppA protein in the periplasm of a recombinant M. xantbtls strain and of it's subsequent secretion in the medium. This assay revealed that this foreign protein, synthesized as a precursor with a signal peptide (Dassa e t a/,, 1990) , is rapidly accumulated in the periplasm, then slowly released by diffusion through the outer envelope (periplasm and outer membrane). The introduction of a mutation leading to a phenotype designated Exc+"-into the recombinant strain suggested that the mechanism of secretion of this foreign protein is, at least in part, common to that of native proteins during vegetative growth. This mutation decreases the production of extracellular native proteins twofold with no evidence of protein accumulation inside the cells (Nicaud e t al., 1984; Petit e t al., 1993) . It also decreases both the permeability of the outer membrane to AppA protein and the amount of AppA protein in the periplasm of the recombinant strain (Breton & Guespin-Michel, 1987 ; Letouvet-Pawlak et a/., 1993). When M . xantbzls cells are starved, a multicellular developmental cycle is induced (Kaiser, 1989 ; Shimkets, 1990) , during which several proteins, produced rather early after starvation, are secreted, some of which display a role in cell t o cell signalling (Guespin-Michel e t a/., 1993). I n addition, all the Exc+/-mutants isolated so far and belonging t o five different loci of the M. xantbm chromosome are unable t o undergo development, which suggests a relationship between protein secretion and development (Petit e t a/., 1993).
In this study, we have examined the ability of the foreign AppA protein t o be produced and secreted during the developmental cycle. W e show that the permeability of the outer membrane t o this protein is drastically altered upon starvation. This finding suggests that the mechanism of secretion during the developmental cycle might be, at least in part, different from that of vegetative cells.
METHODS
Bacterial strains, plasmids and phage. These are listed in Table 1 . Media. M. xanthus was grown in CTT medium at 30 O C (Bretscher & Kaiser, 1978) . Escbericbia coli was grown in LB medium (Miller, 1972) at 37 OC. Media were solidified with 1.2 % (w/v) agar when necessary. Submerged development was performed as described by Kuspa & Kaiser (1989) with a slight modification. Late-exponential cells were centrifuged and resuspended in MC7 buffer (10 mM MOPS, pH 6.8, supplemented with 1 mM CaC1,) (Kuner & Kaiser, 1982) and layered in 55 mm diameter Petri dishes at a density of 2-3 x 10' cells ern-,. At different intervals, the cells were scraped, centrifuged and activities were assayed in the supernatant and in the pellet.
Starvation experiments were performed by resuspending exponentially growing cells in different buffers (MC7 buffer or 0.01 M Tris/HC1/0-001 M potassium phosphate buffer/l % MgSO,, pH 7.6, with or without added 1 mM CaC1,) at a cell density of 5 x 10'-1-25 x lo9 cells ml-' and agitated at 30 "C.
Plasmid construction and cloning. T4 DNA ligase and restriction enzymes were obtained from Boehringer Mannheim Biochemicals. All enzymes were used according to the specifications of the manufacturer. The ligation was performed overnight at room temperature. For the construction of plasmid pGM594, we isolated the fragments corresponding to inserts and vectors after migration of the digested plasmids on low melting point agarose gel (BRL). DNA fragments were extracted from the agarose using the BiolOl 'gene-clean' kit (Ozyme). Plasmid DNA was isolated from host bacteria according to Holrnes & Quigley (1981) . Transformations were performed using calcium chloride as described by Dagert & Ehrlich (1974) . Cells used in transformations (strain DH5aMCR) were diluted into 1 ml LB medium after heat shock and grown for 1 h at 37 "C before being plated onto selective medium containing either kanamycin (50 pg ml-l) or ampicillin (100 pg ml-'), depending on the vector used (pDAH328 or pUC-4K).
Specialized transduction of plasmids from E. coli to M. xanthus using coliphage PI. This was performed according to Cohen (1980) Effect of starvation on secretion in M. xanthtls Hodgson (1987) , modified from Shimkets et al. (1983) . The E. coli strain used as donor was MClO6l. M . xanthzts transductants were selected for their resistance to kanamycin (75 pg ml-').
Enzyme assays. Cells and supernatant were separated by centrifugation for 5 min in a microfuge.
(i) pH 2.5 acid phosphatase. The assays were performed according to Dassa & Boquet (1981) with p-nitrophenyl phosphate (PNPP) as substrate. One unit corresponds to the amount of enzyme that produces 1 nmol p-nitrophenol (PNP) min-' at 37 O C , pH 2.5. The molar extinction coefficient of PNP, measured under the conditions defined above, is 1.78 x lo4 M-' cm-' at 410 nm (the spontaneous hydrolysis of PNPP was routinely assayed and subtracted from our values).
(ii) P-Galactosidase. The assays were performed on cells and supernatant by the slightly modified procedure of Miller (1 972 (iii) proteolytic activity. The total proteolytic activity was assayed at pH 9.6, or pH 6-8, with azocasein as substrate; one unit is defined as the amount of enzyme that hydrolyses 1 mg azocasein in 30 min at 37 O C (Millet, 1970) .
(iv) Milk-clotting protease (MCP) activity. Cells were harvested by centrifugation for 5 min at 7000g and MCP activity was estimated by determining the time required for 300 p1 culture supernatant to induce clotting of 700 11 purified K-casein (Sigma) (5 mg ml-' in 0.1 M potassium phosphate buffer, pH 6) at 56 "C. Units of activity were determined as described by Douillard & Ribadeau-Dumas (1970) : the clotting time was converted into units by reference to a standard curve, log(c1otting time) = f(log l/dilution), previously established with purified rennin (EC 3.4.23.4) from calf stomach (Sigma) under the same experimental conditions. In this case, a clotting time of 1 min corresponds to 28.6 mU ml-'. It has been shown that under these conditions, other proteolytic activities from the growth supernatant of M. xanthus are partially inhibited (Masson & Guespin-Michel, 1988) .
RESULTS

Construction of double recombinant M. xanthus strains expressing appA and lacZ genes
We have previously shown (Letouvet-Pawlak e t al., 1990) that the native light-inducible hvgromoter (Hodgson, 1987 (Hodgson, ,1993 (previously called pcarQ ' ) allowed an efficient light inducible expression of the lac2 gene in M. xanthm. We were able to clone the appA gene downstream of ph" in plasmid pDAH328 (Fig. 1) and to transfer this construction from E. coli to M. xantt5tl.r by P1 transduction. This recombinant plasmid, pGM594, harbouring both the appA and lac2 genes, was integrated in the chromosome of strains DZ1 (CM2216) and DK1622 (CM250) through the ph" homologous region. However, both recombinant strains constitutively produce pH 2.5 acid phosphatase and P-galactosidase during vegetative growth ; this loss of light-inducibility could be explained either by a modification of the ph" which would become constitutive, or by the presence of a number of transcription terminators in the region extending between the hv promoter and the appA promoter (i.e. in the BamHI-StuI fragment from pEPl333) (Fig. 1) . Nevertheless, we were unable to obtain a stable recombinant plasmid with a smaller fragment containing the appA gene (SttrI-BglII fragment from pEP1333, for instance). However, even if the foreign genes are expressed from the E. coli appA promoter, their expression in M. xanthtls is high enough for further utilization.
The presence of the integrated pGM594 plasmid had an effect on the growth rate of strains CM2216 and CM250 (the generation time increased from 4-5 h to 12 h), but the production of extracellular proteins during vegetative growth was not significantly altered in both strains as compared with their respective parental strain. In addition, strain CM250 retained the ability to undergo submerged development, although the timing was somewhat slower: the spores started to be produced around 30 h after the onset of starvation (as compared with 20 h in wild-type strain DK1622) and the secretion of the MCP, a developmentally regulated protein which presents a peak of production in DKl622 around 9 h after starvation in submerged development (Petit & GuespinMichel, 1992) , was detected only towards 15 h in CM250 (shown later). It was therefore possible to use strain CM250 to study membrane permeability towards AppA protein during the developmental cycle, the production of P-galactosidase by this strain being a lysis control which is of paramount importance in development conditions (O'Connor & Zusman, 1988) .
Lack of secretion of AppA protein during submerged development of strain CM250
Exponentially growing cells of strain CM250 in which, as shown previously (Letouvet-Pawlak e t al., 1993), AppA protein is present in the periplasm were resuspended in MC7 buffer (submerged development conditions) ; no significant pH 2-5 acid phosphatase activity was detected in the supernatant of cells undergoing submerged development for 20 h after the onset of starvation, in contrast to what happened when cells were resuspended in the CTT growth medium where AppA protein was secreted (Fig. 2a) . Likewise, no extracellular proteases were assayable at pH 6.8 (as well as at pH 9.6) during the first 10-15 h of submerged development. The lack of extracellular AppA protein is therefore not due to proteolytic degradation.
In addition, the specific activity of both the phosphatase and P-galactosidase decreased when the cells were resuspended in MC7 buffer, whereas these activities remain constant under growth conditions (Fig. 2b) . The synthesis of the two proteins therefore seems to be arrested during starvation; this result was obtained in either submerged or agitated conditions. The stronger decrease for the P-galactosidase than for the pH 2.5 acid phosphatase could be attributed to different turn-over rates in the cytoplasm and periplasm. CIT medium were 17.5f4 U P-galactosidase (mg dry weight)-' and 24-5f5 U AppA (mg dry weight)-l. The experiment with MC7 buffer was performed three times under conditions of submerged development (described in Methods) and twice under agitated sporulation conditions with similar results. Enzyme activities were assayed as described in Methods and are expressed per mg dry weight owing to resumed growth; due to the difficulty in determining cell density under starvation conditions and to the fact that very little, if any, growth occurred, we used the initial density measured at the time of resuspension in MC7 buffer. Before resuspension, cells were grown in CTT medium supplemented with kanamycin (75pgml-') to ensure selective pressure of the pGM594 plasmid.
The lack of secretion of AppA protein is due to starvation
This lack of secretion of AppA protein could be due to a starvation-induced modification of the outer envelope, or to arrest of protein accumulation in the periplasm, as a consequence of synthesis arrest. T o check the latter hypothesis, we used strain CM243 (Letouvet-Pawlak et al., 1993) , in which the appA gene was integrated in strain DK1622 under the control of the tac promoter; the expression of this gene is inducible by IPTG due to the presence of the lacP gene. To simulate the arrest of protein synthesis observed upon starvation and to study its effect on the phosphatase secretion, we induced appA gene expression, then stopped this induction by suspension of the cells in an IPTG-free medium. We compared the secretion of the AppA protein after resuspension of the fully IPTG-induced cells of strain CM243 in fresh CTT medium or in MC7 buffer (agitated conditions) without IPTG (arrest of induction). As seen in Fig. 3 , the AppA specific activity in the periplasm decreased under both conditions ; however, while secretion of AppA occurred when cells were resuspended in CTT growth medium, no such secretion was observed in the MC7 starvation medium. This result suggests that the arrest of AppA protein synthesis (and export) is not the cause of the absence of secretion of this protein in the starvation medium. However, some background AppA protein synthesis might still occur under these conditions in CTT medium.
the kanamycin-resistance gene. Thus, the appA BamHI-Bglll fragment was flanked by two EcoRl restriction sites and, after EcoRl digestion, this fragment was cloned downstream of the light-inducible hv promoter at the pDAH328 EcoRl site. Insert and vector preparations, restriction enzyme digestions and ligations were performed as described in Methods. (75 pg m1-l). The pH 2.5 acid phosphatase activity assays were performed as described in Methods.
To confirm that the arrest of protein synthesis has no effect on secretion, we carried out a second experiment using the antibiotic chloramphenicol which inhibits protein translation. We used the M . xantbus strain CM250 (DK1622 : : pGM594) and studied AppA protein secretion kinetics after resuspension of the cells in fresh CTT growth medium supplemented with 7.5 pg chloramphenicol ml-'. Under these conditions, growth was arrested, showing that protein translation was stopped. As shown in Fig. 4 , the phosphatase was still secreted, whereas the periplasmic content decreased, as observed in the previous experiment with strain CM243 in CTT medium (see above). Thus, the lack of secretion observed in MC7 buffer is indeed a direct starvation response.
To determine whether this lack of secretion was due to the onset of the developmental cycle or to the starvation conditions, as could be suspected from the arrest of synthesis of the two foreign proteins, we checked different starvation conditions and different strains. No AppA protein secretion was observed in agitated sporulation medium (Fig. 2a) . This observation did not depend on the pH of the sporulation buffer, nor on the presence of Ca2+ ions, since no extracellular AppA protein was detected when cells were resuspended in TT buffer (pH 7-6) with or without added CaC1,. Neither did the presence of 1 mM CaC1, in the CTT growth medium alter the secretion of the foreign protein. Moreover, the lack of secretion did not depend on the ability of the cells to undergo development since it was also impossible to detect the phosphatase in the supernatant of starved cells of strain CM2216 (DZl::pGM594), although DZ1 is a non-motile, non-developing, non-sporulating mutant 24.5f5 U AppA (mg dry weight)-' and 17-5f4 U /3-galactosidase (mg dry weight)-'. About 1 % of cell lysis is sometimes observed in the first few hours of the experiment. Culture conditions are as described in the legend of Fig. 2(a) . Enzymic assays were performed as described in Methods. (Zusman et al., 1978) . Under all these conditions, neither secretion of AppA protein nor the cellular accumulation of this protein or of /3--galactosidase was observed.
Native protein secretion does occur in strain CM250 during submerged development
Since the presence of the integrated plasmid pGM594 seems to greatly decrease the growth rate and development kinetics of strain CM250, we wanted to make sure that the secretion of native proteins was not impaired in this strain during submerged development. Fig. 5(a) shows that MCP and alkaline proteases are indeed secreted under these conditions, when no extracellular AppA protein could be detected (Fig. 5b) . The appearance of Effect of starvation on secretion in M. xanthzls this latter protein in the cell supernatant (around 25 h) was coincident with the appearance of the cytoplasmic pgalactosidase in the medium, showing that no secretion of the AppA protein occurred prior to cell lysis under the starvation conditions (Fig. 5b) .
DISCUSSION
One main drawback to studying protein secretion during the developmental cycle in M. xantbus is the existence of cell lysis (O'Connor & Zusman, 1988 ; Guespin-Michel e t al., 1993) . The use of a strain that produces both the cytoplasmic p-galactosidase and the partially periplasmicl partially secreted E. culi pH 2.5 acid phosphatase ensured that secretion would not be mistaken with cell lysis.
Indeed, after 25 h of starvation, the appearance of pgalactosidase in the medium gave an indication of cell lysis which forbade any study of secretion of AppA protein henceforth.
The important result is that no foreign protein is secreted under conditions of submerged development at a time when the developmentally regulated protein MCP as well as alkaline proteases appear in the extracellular medium. This shows that although the diffusion of AppA protein through the outer envelopes is not possible under these conditions, protein MCP and the other extracellular proteins produced early during the development (Plamann et al., 1992) are readily secreted. In a previous study, we postulated that extracellular protein secretion during vegetative growth of M . xantbus occurs at least in part by the diffusion pathway of AppA protein (LetouvetPawlak et al., 1993) . The present results show that, upon starvation, the AppA protein does not reflect the behaviour of native secreted proteins ; these latter proteins must therefore follow a different secretion route, which indicates the existence of at least another mode of protein secretion during development. (Although less likely, one cannot, however, exclude that the decrease of permeability of the envelopes to foreign protein, induced by the Exc+/-mutation, may not be the cause of the decrease of native protein secretion in this mutant.)
Our results suggest different events arise immediately upon starvation: arrest of synthesis of two foreign proteins and arrest of protein diffusion through the outer envelope. The first event is very likely related to the stringent response, since it depends neither on the starvation conditions nor on the ability of the strain to undergo development. We are tempted to suppose that the arrest of synthesis is due to an arrest of transcription, which would be in agreement with studies on the regulation of gene expression during M . xanthus development showing a control at a transcriptional level (Downard & Kroos, 1993) . However, mRNA stability or protein translation could be altered as well.
The second event, i.e. the arrest of protein diffusion, is not due to the mere lack of accumulation of the protein in the periplasm, and therefore suggests a rapid and drastic modification in the structure of the outer envelopes, most likely of the outer membrane, and decrease of their permeability. This modification is not due to the arrest of synthesis of one or several proteins from these envelopes because of the rapidity of the event on one hand, and, on the other hand, of the maintenance of secretion in CTT medium supplemented with chloramphenicol ; this latter result actually shows that the inhibition of protein synthesis for a few hours does not alter the permeability of outer envelopes.
The permeability of the outer membrane is generally studied by using small molecules such as p-lactam antibiotics that either penetrate through the porins or diffuse through the lipid bilayer (Nikaido & Vaara, 1985) . Thus, a starvation-induced modification of the fatty acid composition of the outer membrane was reported in E.
coli to cause a decrease in the permeability of this layer (Cronan, 1968) . However, most biological membranes are strictly impermeable to macromolecules such as proteins and the molecular basis of this permeability in A4. xanthzls is still obscure.
